Almost complete 23S rRNA gene sequences were obtained from 13 planctomycete strains, the fimbriated, prosthecate bacterium Verrucomicrobium spinosum and two strains of the genus Prosthecobacter. The 23S rRNA genes were amplified by the PCR, using modified primers. The majority of the planctomycete strains investigated were shown to have 23S rRNA genes that were not linked to the 16S rRNA genes. Amplification of the 5'-termini of these genes was achieved using a novel primer-design strategy. Comparative phylogenetic analyses were performed using the 23S rRNA gene sequences determined in this study and previously determined 16S rRNA gene sequences. The phylogenetic dendrograms constructed from both datasets showed that the planctomycetes form a coherent group and distinct lineage within the domain Bacteria. Analysis of 23S rRNA gene sequences of Verrucomicrobium spinosum, Prosthecobacter fusiformis and Prosthecobacter sp. strain FC-2 showed that these organisms cluster together, as was also shown here and previously by analysis of 16S rRNA gene sequences. The distinct phylogenetic position of the division Verrucomicrobia was also supported by analysis of the 23S rRNA gene sequences, and no statistically significant phylogenetic relationship between the division Verrucomicrobia and the planctomycetes was found. The analyses presented in this study also provide further evidence that the chlamydiae are no more related to members of the order Planctomycetales and the division Verrucomicrobia than they are to members of other bacterial lineages.
INTRODUCTION
Comparative phylogenetic analyses using the largesubunit rRNA (Ludwig & Schleifer, 1994) , highly conserved proteins, such as elongation factors and ATPase subunits (Ludwig et al., 1993) , and RNA polymerases (Pu$ hler et al., 1989) The GenBank accession numbers for the 23S rRNA gene sequences determined in this study are listed in Table 1 .
Bacteria and Archaea and recovering similar phylogenies within the domain Bacteria. In particular, it has been demonstrated that the 23S rRNA can serve as a phylogenetic marker and that the trees reconstructed from 16S and 23S rRNA sequence data are generally congruent (Leffers et al., 1987 ; Ho$ pfl et al., 1989 ; Ludwig et al., 1993 ; Ludwig & Schleifer, 1994) .
Analysis of 16S rRNA gene sequences has been shown to be a useful method for determining the extent of phylogenetic diversity within diverse groups of bacteria, including a group of planctomycete isolates 00994 # 2000 IUMS Griepenburg et al., 1999) . However, in these studies, the addition of a large number of new planctomycete 16S rRNA gene sequences did not allow a more accurate determination of the phylogenetic position of the planctomycete lineage in relation to other lineages within the domain Bacteria. Although the phylogenetic distinctness and coherence of the planctomycetes is evident in 16S rRNA gene sequenceanalyses,therelationshipbetweentheplanctomycete lineage and other main lines, particularly members of the order Chlamydiales and the division Verrucomicrobia, remains unclear . Given the recent expansion in size of the division Verrucomicrobia (which includes the singlespecies genus Verrucomicrobium spinosum, four strains of the genus Prosthecobacter and an ever-increasing number of environmental clone sequences ; Hedlund et al., 1996) , it is important to be able to elucidate the interphylum relationships.
To determine whether the use of an alternative molecular chronometer could resolve the uncertain branching points, sequence data were obtained for the genes encoding 23S rRNA (rrl ) from 13 planctomycete strains, V. spinosum, Prosthecobacter fusiformis and Prosthecobacter sp. strain FC-2. The 23S rRNA gene sequences were determined for the type strains of all of the validly described species. The phylogenies reconstructed from the sequence data for these molecules were compared with those obtained from 16S rRNA gene sequence analyses.
METHODS
Bacterial strains and culture conditions. Strains for which sequence data were obtained are listed in Table 1 . The type strains of the validly described planctomycete species were Isolation and purification of genomic DNA. Genomic DNA was isolated and purified as described previously (Rainey et al., 1996) .
PCR-mediated amplification of 23S rRNA genes. Amplification of 23S rRNA genes was performed using combinations of the PCR primers listed in Table 2 . All other PCR parameters are as described for 16S rRNA gene sequencing in Rainey et al. (1996) .
Sequencing of 23S rRNA gene PCR products. The 23S rRNA gene PCR products were sequenced directly as described previously (Rainey et al., 1996) , using the primers listed in Tables 2 and 3 . TAC GC ( * Escherichia coli nomenclature (Brosius et al., 1978 (Brosius et al., , 1980 . † Negative numbers denote positions upstream of E. coli position 1. * E. coli nomenclature (Brosius et al., 1980) . Phylogenetic analyses. Phylogenetic analyses of 16S rRNA and 23S rRNA gene sequences were performed using the programs , ,  and  contained in the  package (Felsenstein, 1993) . Bootstrap analysis was performed using  (Felsenstein, 1993) and 1000 bootstrapped datasets.
The dendrograms presented here were reconstructed by the neighbour-joining method (Saitou & Nei, 1987 ) from distance matrices (Jukes & Cantor, 1969) .
RESULTS AND DISCUSSION

16S rRNA gene sequence analyses
Phylogenetic analyses of 16S rRNA gene sequences were performed on a dataset consisting of 1145 nucleotide positions (E. coli positions 40-1470). The 16S rRNA gene sequence analysis (Fig. 1a) demonstrated the phylogenetic distinctness of the planctomycete lineage. Members of the order Planctomycetales shared only 68n1-76n4 % 16S rRNA gene sequence similarity to members of other lineages, while the intragroup similarity values ranged from 77n2 to 92n0 %. The distinct phylogenetic position of, and phylogenetic depth within, the planctomycete lineage has been shown previously (Stackebrandt et al., 1984 (Stackebrandt et al., , 1986a Liesack et al., 1992 ; Griepenburg et al., 1999) . The phylogenetic coherence of the members of the order Planctomycetales was indicated by the recovery of this cluster in all trees generated from the bootstrapped dataset (Fig. 1a) .
The fimbriate, prosthecate bacterium V. spinosum and the two strains of the genus Prosthecobacter formed a distinct phylogenetic lineage (Fig. 1a) , as has been shown previously Hedlund et al., 1996) , and clustered together in 100 % of trees generated by bootstrap analysis. The intragroup 16S rRNA gene sequence similarities ranged from 92n8 to 96n6 %. These three members of the division Verrucomicrobia showed low levels of 16S rRNA gene sequence similarity to members of other lineages (69n3-77n9 %). In this dendrogram there is no specific relationship between the planctomycete lineage and those of the chlamydiae and the division Verrucomicrobia. A common branching point is shared by the division Verrucomicrobia and the chlamydiae, but is not supported by bootstrap analysis (66 %). Neighbour-joining analysis using the maximum-likelihood correction recovered the same tree topology as was found using the Jukes & Cantor correction, while maximum-parsimony did not recover any relationship between the planctomycetes, chlamydiae and Verrucomicrobia (data not shown). The 16S rRNA gene sequence similarity values between the Verrucomicrobia, the planctomycetes and the chlamydiae are not any higher than those between the Verrucomicrobia and members of other lineages.
23S rRNA gene sequence analyses
PCR amplification. The PCR primers used in this study included those from previous 23S rRNA gene sequence-based phylogenetic studies (Lane, 1991 ; Ludwig & Schleifer, 1994) . In some cases, the primers were modified on the basis of the 23S rRNA gene sequence of Pirellula marina (Liesack et al., 1988) .
The 23S rRNA gene could be amplified from all strains in three overlapping PCR reactions (Table 1 ). The 5h-region of the 23S rRNA gene was amplified successfully from I. pallida and V. spinosum using the primer combinations 1230fplan (binding to the 16S rRNA gene) and 803r (binding to the 23S rRNA gene). The 5h 23S rRNA gene regions of Prosthecobacter fusiformis and Prosthecobacter sp. strain FC-2 were amplified using primers 1100f and 803r. However, this could not be achieved for the other strains investigated, as the 23S rRNA gene was found not to be linked to the 16S rRNA gene, making it impossible to use the 3h-end of the 16S rRNA gene as a target site for a PCR primer. Unlinked rRNA genes have been previously reported for Pirellula marina (Liesack & Stackebrandt, 1989) , Planctomyces limnophilus and G. obscuriglobus (Menke et al., 1991) . The results of this study suggest that this arrangement is the most common one in planctomycetes, with I. pallida providing an exception to the rule. Linked 16S and 23S rRNA genes have been demonstrated by the PCR in strain 657 (data not shown), which is phylogenetically related to I. pallida . The 16S and 23S rRNA genes of V. spinosum had been shown previously, by ribotyping, to be linked together (Menke et al., 1991) .
To obtain sequence data from the 5h-end of the 23S rRNA gene for the remainder of the strains, an alternative strategy was employed. Using the sequence data from the 3h-end of the molecule as a template, the processing stem that separates the 23S rRNA gene from flanking DNA was reconstructed (Fig. 2) . Perfect Watson-Crick base-pairing in this region was assumed and the result was used to design a PCR primer that could be used for the amplification of the 5h-region of the gene. The high sequence variability in this region made it necessary to design nine different primers (Table 2) . With the exception of strains 139, 140 and 449, the 5h-region of the 23S rRNA gene was amplified successfully using these primers and the PCR conditions described previously. In the case of strains 139, 140 and 449, the PCR reaction consistently produced additional non-specific bands even when highly stringent PCR conditions were used. This problem was circumvented by excising the target band from a preparative agarose gel of the PCR product, purifying the DNA and using it as template for another round of PCR. In this way, a PCR product of the correct size was obtained. The 3h-end of the 23S rRNA gene proved much easier to obtain, as the 5S rRNA gene was found to be linked to the 23S rRNA in all strains investigated. Thus the 3h-end of the 23S rRNA gene could be amplified using a primer binding to the 5S rRNA gene.
Sequence analyses. Complete 23S rRNA gene sequences, from position 1 to position 2904 (E. coli nomenclature ; Brosius et al., 1980) were obtained for 13 planctomycete strains, V. spinosum and the two Prosthecobacter strains. To obtain the sequence data, many of the previously described 23S rRNA gene-sequencing primers had to be modified (Table 3) because of mismatches between the primers and the new 23S rRNA gene sequences.
The 23S rRNA gene sequence dataset used for analyses contained all of the 23S rRNA gene sequences determined in this study and several reference sequences.
Comparison of complete 23S rRNA gene sequences was not possible because of the inclusion of reference sequences lacking the 3h-terminus of the molecule. Regions of ambiguous alignment were excluded from the analysis, resulting in a dataset comprising 2550 nucleotide positions (E. coli positions 1-136, 161-268, 286-362, 371-542, 552-651, 655-1163, 1188-1414, 1420-1466, 1546-1577, 1587-1712, 1750-2204 and 2208-2768) .
The 23S rRNA gene sequence data were used to reconstruct phylogenetic dendrograms (Fig. 1b) showing the relationships of members of the order Planctomycetales and the division Verrucomicrobia with respect to representatives of the major lines of descent within the domain Bacteria. Fig. 1b , which was generated by the neighbour-joining method, shows the planctomycetes and the division Verrucomicrobia to be unrelated to members of any other lineages within the domain Bacteria, as has been shown previously by 23S rRNA gene sequence analysis of Pirellula marina (Ludwig & Schleifer, 1994) . Comparison of a larger number of planctomycete 23S rRNA gene sequences confirmed the isolated phylogenetic position suggested by the topology of the tree presented in Ludwig & Schleifer (1994) . The phylogenetic coherence of the planctomycete lineage was also demonstrated by a 100 % bootstrap value for the node representing the common ancestor of this group.
The 23S rRNA gene sequence similarity between the planctomycetes and members of other lineages within the domain Bacteria ranged from 68n0 to 76n2%, whereas the intragroup similarities were between 75n8 and 91n2 %. Members of the division Verrucomicrobia shared 68n0-74n0 % 23S rRNA gene sequence similarity with members of other lineages and were shown to be a phylogenetically coherent group recovered in 100 % of trees generated by bootstrap analysis. The Verrucomicrobia intragroup similarity values ranged from 89n3 to 94n2 %. The 23S rRNA gene sequence similarity values are in very close agreement with the similarity values obtained by comparison of 16S rRNA gene sequences (see above). On the basis of 23S rRNA gene sequence analyses, no relationship between the planctomycetes, the division Verrucomicrobia and the chlamydiae was observed (Fig. 1b) .
Comparison of the intra phylum relationships within the order Planctomycetales revealed by 16S and 23S rRNA gene sequence analyses (Fig. 1a, b) shows some similarities. A relationship between G. obscuriglobus and I. pallida is observed in the 16S rRNA gene sequence-based tree (Fig. 1a) , but is not supported by bootstrap analysis, as has been reported previously in a 16S rRNA gene sequence-based phylogenetic study of planctomycetes (Liesack et al., 1992) . The instability 23S rRNA gene sequence analysis of planctomycetes of the Gemmata-Isosphaera branching point is also demonstrated by a bootstrap value of 42 % for this node in the 23S rRNA gene sequence-based tree. Analysis of 23S rRNA gene sequences showed the same relationship between members of the genus Planctomyces and strains 639 and 658 (Fig. 1b) as that seen with 16S rRNA gene sequence analysis (Fig. 1a) , and the Planctomyces cluster is recovered in all trees in both cases. Some rearrangements in branching order between the 16S and 23S rRNA gene trees are seen within the group containing members of the genus Pirellula and the strains 139, 140 and 449. Examination of the phylogenetic relationships of all members of this group Griepenburg et al., 1999) showed that the branching points within the cluster are rather unstable, so some discrepancies in internal structure when 16S and 23S rRNA genes are used is not surprising. This cluster is recovered in 94 % of trees generated using 16S rRNA gene sequences but in only 80 % of 23S rRNA gene sequence-based trees (Fig. 1) . The group containing Planctomyces and Pirellula is supported by a 100 % bootstrap value for 23S rRNA gene sequence analysis (Fig. 1b) but is recovered in only 81 % of 16S rRNA gene sequence-based trees (Fig. 1a) . Phylogenetic analyses of the 23S rRNA gene sequence dataset obtained using the neighbour-joining method with the maximum-likelihood correction (Felsenstein, 1981) produced the same tree topology as that found using the correction of Jukes & Cantor (1969) (data not shown). Phylogenetic analysis by maximum parsimony also produced the same tree as that obtained by neighbour-joining, except that members of the division Verrucomicrobia were found to group with the planctomycetes, whereas the low-and high-GjC Gram-positive bacteria did not cluster together. (Ludwig & Schleifer, 1994) . The presence of helix 58 in some planctomycete strains indicates that this signature is not exclusive to the α-Proteobacteria. The fact that the deletion does not occur in all planctomycete strains means that it cannot be considered as a signature for the planctomycete lineage and probably indicates that its phylogenetic meaning is restricted to lower taxonomic levels.
Conclusions
Almost complete 23S rRNA gene sequences were obtained from 13 planctomycete strains, V. spinosum, Prosthecobacter fusiformis and Prosthecobacter sp.
strain FC-2. The modified 23S rRNA gene PCR primer set provides a useful resource for future 23S rRNA gene sequence analysis of additional planctomycete strains and members of the division Verrucomicrobia.
The phylogenetic position of the planctomycetes and members of the division Verrucomicrobia was determined using 16S rRNA and 23S rRNA gene sequences. Comparative phylogenetic analyses were performed using 16S and 23S rRNA gene reference sequences from the same species. Phylogenetic analyses using both genes showed that the planctomycete strains investigated form a phylogenetically distinct lineage within the domain Bacteria. These analyses using multiple planctomycete sequences, including members of as yet undescribed taxa confirmed the results previously obtained with the 23S rRNA gene sequence of the single planctomycete species Pirellula marina (Liesack et al., 1988 ; Ludwig & Schleifer, 1994) . Analysis of multiple planctomycete sequences confirmed the phylogenetic coherence of the planctomycete lineage, which was previously suggested by the results of 16S rRNA gene sequence analyses (Stackebrandt et al., 1986a, b ; Liesack et al., 1992 ; Griepenburg et al., 1999) . The phylogenetic distinctness, coherence and depth of the planctomycete lineage were evident from the results of three different methods of phylogenetic analysis and were supported by bootstrap analyses.
The phylogenetic distinctness of the division Verrucomicrobia was confirmed in this study by analysis of complete 16S and 23S rRNA gene sequences and was observed in the dendrograms produced from all methods of analysis. However, the phylogenetic position of members of the division Verrucomicrobia in relation to other members of the domain Bacteria was shown to depend on the numbers of planctomycete sequences included in the analyses and the method of analysis chosen. The branching-point instability of the Verrucomicrobia lineage is reflected in the low level of statistical significance assigned to any grouping involving these taxa.
In conclusion, phylogenetic analyses using two different molecular chronometers have confirmed the phylogenetic distinctness of the planctomycete and Verrucomicrobia lineages and have indicated that there is no statistically significant relationship between the members of these two lineages and the chlamydiae.
